Introduction
Since 2008, there has been a significant increase in the number of earthquakes reported in the Central U.S. (Ellsworth, 2013) . This increase is generally attributed to wastewater disposal or enhanced oil recovery operations that produce changes to subsurface pressure and reduce friction that inhibits slip along existing faults. In some locations like east Texas and the Fort Worth Basin in north Texas (Frohlich, 2012; Frohlich et al., 2014; Hornbach et al., 2015; Scales et al., 2017) , these induced earthquakes were clustered within a few km of individual high-volume wells, suggesting that injected fluids caused pressure changes that diffuse away from wells and reach suitably-oriented stressed faults. Elsewhere, as in Oklahoma and Kansas, seismic activity is distributed over a broad area, apparently because the very high volumes of injected fluids have elevated pressures above the threshold required for fault activation within entire formations, or because poroelastic stresses trigger earthquakes at distances of tens of km (Walsh & Zoback, 2016; Goebel et al., 2018; Peterie et al., 2018; Rubinstein et al., 2018) . Induced earthquakes have also been associated with the extraction of oil and gas, and with hydraulic fracturing operations (Frohlich et al., 2016; Skoumal et al., 2018) .
In 2015, the U.S. Geological Survey (USGS) reported a cluster of 12 earthquakes having magnitudes mbLg 2.5-3.3 in the Delaware Basin of West Texas south of the town of Pecos, a location where few earthquakes had been reported previously (Figure 1a ). Subsequently, there has been a steady increase in the number of earthquakes in this Pecos Cluster (i.e. within Circle S3b in Figure 1a ), with the USGS reporting 36 and 44 earthquakes with mbLg ≥ 2.5 in 2017 and 2018, respectively.
Considerable volumes of oil and gas have been produced from the Permian Basin over the past 100 years, though consistent records are only available from the 1940s onwards ( Figures   1b and 2 ). Since 2010, petroleum production has been increasing and this is expected to continue-oil and gas production volumes are projected to double between 2018 and 2023, exceeding volumes in any other US location and reaching levels that exceed the production of any OPEC nation other than Saudi Arabia (OGJ editors, 2018) . Thus, for both scientific and economic reasons it is important to evaluate seismic hazard in the Permian Basin and understand the relationship-if any-between petroleum production and seismicity. There are also water issues associated with the recent production increase (see review in Scanlon et al., 2017) . Much of this production is now unconventional and involves hydraulic fracturing that requires large volumes of water, and water co-produced from Pecos-area oil and gas wells is permanently disposed into the subsurface via saltwater disposal wells, inducing pore pressure changes within the target reservoirs. Water used for hydraulic fracturing in West Texas is obtained from local aquifers or is recycled produced water. Altogether, wastewater disposal is a significant activity because volumes of produced water are many times greater than volumes of produced oil or gas (Scanlon et al., 2017) .
The cause of the Pecos Cluster earthquakes has been uncertain because both natural and induced earthquakes occur in West Texas. Among the natural events are the two largest earthquakes in the state (Figure 1a ): the 16 August 1931 Valentine earthquake with moment magnitude MW6.3 (Doser, 1987) , and the MW5.7 14 April 1995 Alpine earthquake (Frohlich and Davis, 2002) . However, analysis of data collected from 1976 until 1979 by a 12-station regional network indicated that many small earthquakes occurring in the Central Basin Platform and Delaware Basin (Figure 1b ) were related to enhanced recovery or petroleum production operations (Keller et al., 1987; Doser et al., 1992; Frohlich et al., 2016 ).
Because regional seismograph station coverage was sparse prior to the installation of the state-wide TexNet seismic network in 2017 (Frohlich et al., 2016; Savvaidis et al., 2019 ; see also inset Figure 1a ), it has been unclear when the Pecos Cluster activity commenced and how it has developed (e.g. Lund-Snee & Zoback, 2018) . We resolve this uncertainty by analyzing seismic records from 2000-2017 at the Lajitas TXAR seismic array, a facility 240 km south of Pecos comprised of 10 very-high-gain seismic stations (Tibuleac & Herrin, 1997) . Analysis of TXAR data has allowed us to produce a catalog of seismic events ( Figure   3 and Table S1 ) that is far more complete than the USGS catalog. The TXAR catalog includes more than 7000 seismic events in the Pecos Cluster. We show that multiple earthquakes first occurred in this region in 2009, when 19 earthquakes with magnitude M≥1.0 were recorded, and we demonstrate that the activity rate has subsequently increased, with more than 1600 earthquakes having M≥1.0 recorded in 2017. We also show that this cluster has spatially expanded since 2011, coinciding with increasing rates of high-volume petroleum production and wastewater disposal over a broader region.
Data and Methods

Seismic data
This investigation determined epicenters for seismic events using three different sources of data: (1) Seismograms recorded April 2000-2017 by the TXAR seismic array near Lajitas, TX (Tibuleac & Herrin, 1997) ; (2) (Savvaidis et al., 2019) .
Prior to 2017 earthquakes having magnitudes less than 2.5 were seldom located by the USGS, and the epicentral inaccuracies of locations were often ~20 km or more (Frohlich et al., 2016; Walter et al., 2018) . Except during 2008-2010, when the EarthScope Transportable Array was in West Texas, the closest seismograph stations reporting to the USGS were usually at distances of 2°-5° from the Pecos Cluster. One of these stations was LTX, colocated with station TX31 of the 10-station TXAR array (Figures 1a and 4a ).
We use TXAR array data ( Figure 4b ) to compile the TXAR catalog ( Figure 3 and Dataset S1) of epicenters for seismic activity in West Texas for the April 2000 -December 2017 time period. Locations of selected 2009 earthquakes determined using EarthScope data provide critical information about the initiation of seismic activity for the Pecos Cluster. Epicenters determined using the 2017 TexNet data (Savvaidis et al., 2019) provide ground-truth information to assess the accuracy and completeness of the TXAR catalog.
Determining epicenters using Lajitas TXAR array data
Due to unusually favorable geological conditions and its remote location with low ambient noise, the TXAR array is extraordinarily sensitive (Tibuleac et al., 1997) . For the time period considered, TXAR consists of 10 short-period vertical and one broadband 3-component continuously-recording seismic station (TX31) deployed in shallow 6-meter-depth boreholes within a region having dimensions of about 4 km X 6 km (see Figures 1a and 4a ). We determined epicenters by evaluating the passage of the P-wave across the 10-station array to constrain the station-to-source direction (back azimuth), and using the (S-P) interval picked on TX31 to fix the source-to-station distance (Figure 4 ). This TXAR-only location method does not allow us to determine accurate focal depths; the TXAR catalog thus includes epicenters only.
To identify candidate events, we applied a multi-stage F-K filtering process. We first applied a bandpass filter with corners at 2 Hz and 10 Hz to the 40 sample/s data stream, and downsampled the result with an anti-alias filter at 7.5 Hz to 15 samples/s. The downsampling substantially reduced both memory and CPU resources needed to process the data. The F-K spectra were calculated in a moving 8.5 second (128 sample) window updated every 2.5 seconds. To detect candidate events, we applied three different detector algorithms based upon the F-K spectra (see details in Supporting Information). Candidate events were signals that met the detection thresholds for any one of the three detector algorithms.
For each candidate event we reprocessed the data to determine trial values for P-and Sarrival times, P-and S-phase back azimuths, P-and S-phase slownesses, maximum and rootmean-square (rms) P-and S-amplitudes, and other parameters used to assess data quality.
Because this study focused on regional earthquakes in Texas, we only considered candidate detections associated with trial back azimuths between 315°-360° and 0°-90°, and with trial S-P intervals between 10-55 s, corresponding to sources in Texas and New Mexico between about 75 and 450 km from the TXAR array.
An analyst reviewed the remaining candidate events and picked P and S times on broadband station TX31, assigning quality factors of Q1 (better) to Q3 (worse). The analyst discarded detections that did not appear to be seismic events, detections for which broadband data was unavailable, or detections where either the P or S could not be identified with confidence. The analyst also discarded events where the P arrival differed by more than 2 seconds from the machine-picked P time used to determine the back azimuth estimate.
For the entire 2000-2017 interval and for events having MTXAR > 0.8, the analyst identified P and S for a fraction of all computer-detected events, but this fraction varied over time and depended on event location ( Figure S1 and Table S1 ). Between 2000-2010 the average annual value for this fraction was 0.38 and then increased to 0.73 for 2011-2017. We speculate this change occurred because P and S identification differed for earthquakes and for quarry blasts (which occur mostly in the daytime, and were more common after 2010), and also differed for Pecos Cluster earthquakes and earthquakes situated elsewhere. In support of this speculation, we note that for events occurring 01:00-13:00 UTC (during the night, local time 7 PM to 7 AM) with locations outside of Pecos Cluster Circle S3b, the average annual fraction for 2000-2017 was 0.46 ± 0.10 ( Figure S1 ), and there was no obvious increase beginning in 2011. In contrast, for 2011-2017 nighttime-only events within Pecos Cluster Circle S3b, the fraction was 0.88 ± 0.03.
To develop relationships for determining epicenters from the back azimuth and (S-P) estimates, we evaluated a subset of 140 Pecos Cluster earthquakes that were located by the statewide TexNet seismic network and also were in the TXAR catalog, and which occurred between September and December 2017, when the majority of regional stations in the TexNet seismic network had been deployed (Savvaidis et al., 2019) . For all these earthquakes, an analyst repicked P and S and then relocated the events using the double-difference method (Waldhauser & Ellsworth, 2000) and the velocity model currently used for routine location in the Delaware Basin by the TexNet program (see Table S2 in Savvaidis et al., 2019) . For these 140 epicenters located by TexNet and also detected by TXAR ( Figure 5 ), the best-fitting relationship determined by linear regression between epicenter-to-TXAR distance  (in km) and (S-P) interval (in sec) was  = 8.62(S-P)-13.4.
(1)
Comparison of these selected TexNet and TXAR locations revealed that the TXAR locations averaged 10.9 km west of the TexNet locations ( Figure 5 ). For events 210 km from TXAR, such as the Pecos Cluster, this corresponds to a back azimuth discrepancy of 3°.
Therefore, before determining the epicenters listed in the TXAR catalog (Dataset S1), we adjusted the TXAR-determined back azimuths by adding 3°. This relationship removes the azimuth bias for events in the Pecos Cluster and thus may not be correct for events elsewhere in West Texas. However, the correction is nearly identical to the back azimuth correction factor developed for TXAR by Tibuleac & Herrin (1997) for sources situated due north of the array. The ellipsoid fitting the location differences for the 140 epicenters (see Figure 5) suggests the 2 location accuracy for TXAR catalog is about ±27.4 km EW and +12.4 km NS. This is approximately comparable to the location accuracy for small West Texas earthquakes reported by the USGS prior to the installation of TexNet (Frohlich et al., 2016) .
We also developed a relationship to estimate an event magnitude MTXAR using distance  in km and the measured rms amplitude SRMS of the S phase, measured in nm/sec on the 2-10
Hz filtered vertical short-period traces. This relationship was adjusted so that MTXAR corresponded to values of mbLg reported by the USGS for West Texas earthquakes. We identified 59 events in the TXAR catalog occurring between 2000-2017 with locations reported by the USGS (Figure S2 ). The best-fitting relationship, as determined by linear regression, was For these five earthquakes, we determined hypocenters using P and S from the nine EarthScope TA stations and the 1D velocity model currently used for routine location in the Delaware Basin by the TexNet program (see Table S2 in Savvaidis et al., 2019) . Because eight of the stations were at similar distances (55-110 km) and distributed nearly uniformly around the epicenter, the epicenters were minimally influenced by the choice of the velocity model used for location. As discussed further in Section 3.2 of Results, the focal depths depend critically on (S-P) intervals at the closest station 327A.
Data concerning injection and production of fluids
The Texas Railroad Commission (RRC) archives information about both production and injection wells operated in support of petroleum production in Texas. This information includes well locations, depths, permitting history, and monthly rates of injection/production of fluids and gases. The RRC database is publicly available online and is mostly complete for the past two decades. In addition, data for treatment fluids used for hydraulic fracturing are available from FracFocus; current regulations do not require reporting these data and they are incomplete, especially prior to about 2014, but when the data are available they do provide information about hydraulic fracturing activity.
For this investigation, we compiled RRC and FracFocus data for wells in West Texas counties, removing some obvious data blunders (e.g., keypunching/transcription errors where individual monthly values were apparently entered as 10 times greater than all other monthly values in a particular year). For each well in our study area, we determined values for the years 2000-2017 for: 1) production volumes for oil; 2) production volumes for gas; 3) production volumes for water; 4) injection volumes for salt water (waste) disposal; 5) injection volumes for secondary recovery; and 6) injection volumes of treatment fluids. A similar analysis indicates that in a few locations, the TXAR catalog includes a significant number of quarry blasts. For 284 events within Circle 7b (see Figure 1a ), the majority occur between 1500-2300 UTC, or 9AM-5PM CST (local time), and the annual numbers of events increase in 2013 and subsequently ( Figure 7b ). These time-of-day and
Results
Epicenters
year-of-occurrence variabilities are consistent with quarrying activity. Our analysis as in these figures suggests that quarries differ in the patterns they exhibit. The work in some quarries is fairly uniform over time (but in the daytime); in other quarries the work is highly concentrated in certain times (but in the daytime). These differences are reasonable; the need for road-building material or sand for fracking will be very high when frac pads are being built and hydrofracturing is underway, and negligible at other times. But quarries providing building stone, or quarries distant from hydrofracturing operations, might have more regular Comparison of the TXAR and TexNet catalogs for 2017 demonstrates that TXAR event detection capability is significantly more sensitive than the TexNet network, although TXAR does miss some events reported by TexNet. For epicenters in Circle 7c (see Figure 1a) occurring September-December 2017 during nighttime hours (00-13 UTC), TXAR detected 307 events, of which 188 (61%) were in the TexNet catalog. In comparison, TexNet detected 160 nighttime events in Circle 7c over this same time period, of which 134 (84%) were in the TXAR catalog. We presume that the 16% missed rate for TXAR is attributable to various kinds of noise and interfering events that affect the single-array F-K event detection/identification algorithm. Individuals using the TXAR catalog (Dataset S1) should be aware that it misses some earthquakes, even some with magnitudes of 1.5 and greater, but it contains considerably more seismic events than other available regional catalogs. Both the TexNet and TXAR catalogs report to lower magnitudes and exhibit lower completeness magnitudes than the USGS catalog. During the same time period in late 2017, the USGS catalog reported 9 nighttime earthquakes, all greater than magnitude 2, with epicenters in Circle 7c, for example.
The initiation of seismicity in the Pecos Cluster
The time-of-day and year-of-occurrence pattern for Circle 7c (Figure 7c Figure 6a ). For these earthquakes, the seismograms at the closest station (TA 327A at ~10 km) were all highly similar in appearance (see Figure 6b ), consistent with their having sources originating from nearly identical locations.
The focal depths for the five earthquakes, however, depend critically on (S-P) intervals at station 327A; there is some ambiguity concerning the picks for S. On 327A seismograms, particle-motion plots show there are two phases with transverse particle motions (labeled "1"
and "2" in Figure 6b ) that might be picked as S. If phase 1 is S, the focal depths for four of the events occur between 4.8 and 6.0 km relative to the surface (4.0-5.2 km below sea level -BSL); if phase 2 is S, the focal depths are between 8.1 and 9.7 km relative to the surface (7.3-8.9 km BSL). We favor phase 1 as it is the first-arriving, more direct S arrival, traveling the shorter path from source to station. The depths determined using phase 1 (4.0-5.2 km BSL) are supported by independent data from the TexNet catalog. In 2018 TexNet located six earthquakes with ML≥1.2 within 3 km of the 2009 earthquakes and all reported focal depths between 3.3 and 6.1 km BSL.
To assess whether these 2009 earthquakes were the first events in this location, we crosscorrelated the 3-component TX31 seismograms for these 5 earthquakes with seismograms for all prior events in the TXAR catalog. The only significantly high correlation was 0.71 between records for the 2009 May 18 earthquake (Figures 4b and 6b ) and an event occurring
2007 September 27 at 05:59 UTC with MTXAR of 2.30. This waveform similarity suggests that the 2009 activity originated from nearly the same location as the 2007 earthquake.
Relationship of seismicity to oil and gas industry activity
Maps of oil production, gas production, saltwater disposal volumes, and hydraulic fracturing fluid volumes (see RRC monthly data on oil and gas production, and salt water disposal (SWD) and
FracFocus data do not differentiate between conventional and unconventional production or source of disposed fluids. Within 10 km of the 2009 epicenters, RRC data indicate that more than 25,000 bbl of oil and 100,000 mcf of gas were produced for every month, back to before Figure 10 ).
The FracFocus data shows that on the order of 10 hydrofracturing wells were initiated each month within 10 km of the 2009 epicenters in 2009 and 2010 (see Figure 10 ). Thus, it is possible that hydraulic fracturing, or the disposal of waste fluids resulting from hydraulic fracturing, induced the May 2009 earthquakes. In June and August of 2009, two SWD wells situated 6 km and 5 km north of the epicenters became active (API#42-475-34339 and API#42-475-30517); for several years these wells each subsequently disposed of volumes ranging between 33,000-256,000 bbl/mo. This disposal activity serves as an example of the SWD development and volumes associated with growth of unconventional plays in the Delaware Basin (Figure 9 ).
Between 2011 and 2017, petroleum production and fluid injection, from both waste disposal and hydraulic stimulation, increased considerably in Reeves County, and this coincided spatially and temporally with increasing seismicity rates ( Figure S4 ). For example, within Circle 7c oil production exceeded 1 million bbls/mo for all but 6 months after August 2012, and wastewater disposal volumes exceeded 1 million barrels/mo after December 2012 (see Figure 11 ).
The increasing rates of seismic activity in the Pecos Cluster were interrupted by two notable periods of decreasing activity, the first occurring early in 2013, and the second in the last half of 2015 and first half of 2016 (Figures 7c, 11 , and S3b). Both time periods coincide roughly with decreases in wastewater disposal volumes following decreases in hydraulic fracture fluid volumes (Figure 11 ). In 2017, there was a considerable increase in seismic activity; within Circle 7c, there were 429 events in 2016 and 1448 events in 2017. This increase was accompanied by 2017 increases in produced oil and gas, and injection of wastewater and hydraulic fracturing treatment fluids.
Discussion
Time history of Pecos Cluster seismicity
The principal result of this investigation is to describe the initiation and growth-in-area history of an earthquake cluster near the town of Pecos in the Delaware Basin of West Texas.
The resulting TXAR catalog (Dataset S1) is considerably more complete than previously available catalogs for earthquakes occurring during 2000-2017 in West Texas. We show multiple earthquakes first occurred in the Pecos Cluster in 2009, although there was a single very similar earthquake in the same location in 2007 (Figures 6a, 8 and S4 ). Since 2009, activity rates have increased considerably as the cluster has expanded geographically to occupy an area with a diameter of roughly 100 km (Figures 3 and S4) .
A second important result of this investigation is to provide more accurate locations for the earliest-occurring earthquakes in the Pecos Cluster (Figures 6 and 12) . 
Relationship with petroleum production and fluid injection activity
Our investigation documents similarly increasing rates in petroleum production activity and seismic activity in the Pecos Cluster (Figures 11 and S4 The observation that seismicity 2009-2017 extends over a broad geographic area, and is not concentrated around individual high-volume wells, suggests that the high levels of production, associated injection of hydraulic fracturing fluids, and SWD injection influence subsurface pressures regionally, leading to stress changes and earthquakes. This has been observed elsewhere, as in Oklahoma and Kansas (Walsh & Zoback, 2016; Goebel et al., 2018; Peterie et al., 2018; Rubinstein et al., 2018) .
Cultural implications and seismic hazard
The increased levels of seismic activity in the Delaware Basin are a concern as they pose a potential threat to ongoing petroleum development (Figure 2 ). It is desirable to understand whether this seismic activity is tolerable or whether it poses a hazard that requires modifying regional production practices. Up to the present, the hazard has been minimal, as the largest recorded West Texas earthquake since 2010 occurred on 22 December 2018, and had a magnitude of only ML3.7. If we extrapolate the straight-line portions of magnitude-frequency plots such as Figure 13 , it suggests that activity associated with the Pecos Cluster is unlikely to generate earthquakes with magnitudes larger than about M4.0. However, it is not clear that this extrapolation, even for recent events (e.g. Peterson et al., 2018) , is an appropriate approach to evaluate hazard from induced earthquakes, as it does not take account of past or future changes in subsurface conditions caused by human actions, and because our catalog only samples an interval of about 20 years duration. Also, the observation that the b-value is about 1.5 for earthquakes larger than about M2.5 might indicate that earthquakes with magnitudes as large as M4.0 are unlikely. Of course, because this portion of the magnitudefrequency plot is controlled by the largest few events, the occurrence in the future of several earthquakes with magnitudes of M3.7-4.0 would make the whole distribution consistent with a b-value of 1.0.
Ongoing and future investigations
A limitation of the present study is that the TXAR catalog epicenters are not accurate enough to support detailed modeling efforts. The epicentral uncertainties are typically about 15-25 km, complicating efforts to associate events with individual wells or known mapped faults. Also, the TXAR catalog provides no information about focal depth, which is essential for associating events with particular strata where injection or production takes place. 
Summary and Conclusions
Since 2015, the USGS has reported numerous earthquakes occurring near the town of Figure 5. Comparison of epicenters determined using (S-P) intervals and apparent direction at TXAR with epicenters determined by the TexNet seismic network using conventional location methods. Data are for 140 earthquakes within Pecos Cluster Circle S3b; all plotted events had P and S picks that the analyst assigned quality 1 or 2 (red circles in Figure 3 ). The ellipsoid indicates the 2 fit for these data; the green dot at -10.9 km is the center of the ellipsoid-this indicates that before back azimuths for TXAR locations are adjusted by adding 3° (see text), they average 10.9 km west of TexNet locations. 13  13  7  12  11  14  10  8  13  7  8  10  6  14  10  6  5  8  15  4  12  17  11  10 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20 11 2012 2013 2014 2015 2016 2017   21  17  16  22  10  13  1 8  16  21  16  7  21  12  4  7  7  9  6  23  22  21  19  18  17  16  15  14  13  12  11 year-of-occurrence for selected seismic events. The three panels describe temporal properties of seismic events within Circles 7a, 7b and 7c in Figure 1a . Rose diagrams on the left plot event numbers within 24 one-hour intervals; tic labeled "0" above circle is 0000 UTC, the two straight radial lines are at 9 AM and 5 PM CST (local time). The circle with half the diameter of the largest circle indicates a uniform level where equal numbers of events occur in all hours. Labels indicate total number of TXAR catalog events within each circle as well as circle radius and center coordinates. Rectangle plots on the right show timeof-day (vertical axis) vs. year-of-occurrence for individual events (circles); event numbers within each hour and year are listed at right and above rectangles, respectively. Symbol sizes and colors indicate event magnitude and quality as in Figure 3. (a) Events within the 40-kmradius circle surrounding 1995 April 14 M6 Alpine earthquake (circle 7a in Figure 1a ). Because these events occur approximately randomly with respect to time of day, with rates slowly decreasing from year-to-year, we conclude that TXAR event detection is nearly uniform over time, and these events are aftershocks of the 1995 earthquakes. (b) Events within the 90-kmradius Circle 7b in Figure 1a . Because almost all events occur between 9 AM and 5 PM local time, these appear to be caused by human activities such as quarry blasting. Note that activity rates increase beginning about 2013. (c) Events within a 20-km-radius Circle 7c in Figure 1a , the most active region of the Pecos Cluster. It is likely these are earthquakes because they are distributed uniformly over the day. Figure 1a for location of cross section). Red circles indicate preferred locations. Solid and dashed near-vertical lines indicate imaged faults. This cross section summarizes ongoing analysis of regional stratigraphy and structure by E. Horne and her colleagues at the Texas Bureau of Economic Geology. Figure 13 . Cumulative number vs magnitude for seismic events within Pecos Cluster (circle 7c). We plot only events occurring 0100-1300 UTC (nighttime in West Texas) to avoid possible contamination by quarry blasts.
